Influence of SiAlON ceramic reinforcement on Ti6Al4V alloy matrix via spark plasma sintering technique by Falodun, Oluwasegun Eso et al.
Vol.:(0123456789) 
Metals and Materials International 
https://doi.org/10.1007/s12540-019-00553-3
Influence of SiAlON Ceramic Reinforcement on Ti6Al4V Alloy Matrix 
via Spark Plasma Sintering Technique
Oluwasegun Eso Falodun1  · Samuel Ranti Oke1,2 · Babatunde Abiodun Obadele3 · 
Avwerosuoghene Moses Okoro1 · Peter Apata Olubambi1
Received: 13 September 2019 / Accepted: 19 November 2019 
© The Korean Institute of Metals and Materials 2019
Abstract
The titanium-based composite was fabricated by strengthening Ti6Al4V alloy with addition of SiAlON ceramics utilizing 
spark plasma sintering technique. Ti6Al4V and SiAlON powders were mixed in a T2F Turbula mixer with different propor-
tions (5, 10, 15 and 20 vol%) and the admixed powders were consolidated using spark plasma sintering to produce titanium 
matrix composites. The characterization of the sintered composites was performed using X-ray diffraction, optical microscopy 
and scanning electron microscopy. The influence of SiAlON additions on densification, microstructure, microhardness and 
fracture morphology were investigated on the sintered composites. The experimental results revealed that the densification 
of the sintered titanium matrix composites was in the range of 95%–98%, which decreased with an increase in SiAlON 
addition. However, an increase in microhardness values ranging from 363 to 574 HV0.1 was achieved. The microstructure 
shows that the SiAlON ceramic particle was uniformly distributed within the titanium matrix composites which comprises 
of a mixture of lamellar colonies with β grain boundaries. The fracture features of all composites exhibit mixed fracture of 
both intergranular and transgranular fracture mechanism.
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1 Introduction
Titanium and titanium alloys remain one of the signifi-
cant class of materials that finds its application in various 
industries such as aerospace, automotive and medical fields. 
Because of outstanding properties, its possess such as weight 
reduction, high specific strength and corrosion resistance 
properties that meet the growing demand for saving energy 
consumption and cost [1, 2]. Despite the excellent physical 
and mechanical properties of titanium alloys, these materi-
als is deprived of surface interaction in relative motion that 
limits their application for some engineering purposes [3, 4]. 
Thus, researchers are focusing more attention on enhancing 
the mechanical properties of titanium alloys through dif-
ferent strengthening mechanisms and modification in the 
previous technique [5–7]. Also, different researchers have 
strengthened titanium alloys with ceramic particles addi-
tives using spark plasma sintering technique and their 
influence on both the wear and mechanical properties of 
titanium alloys such as TiN [8],  TiB2 [9],  ZrB2 [10]. How-
ever, SiAlON ceramics also comprise an alternative class of 
materials that have numerous distinctive properties which 
include high strength, hardness, wear resistance, high melt-
ing temperature, high thermal conductivity and excellent 
thermal shock resistance [11–14].
Powder metallurgy (PM) increases as an attractive choice 
to withstand a strategic in avoiding the presence of undesira-
ble phases in material and as well provide an economic strat-
egy in developing small components with intricate shapes 
and great dimensional tolerance. There are different sinter-
ing techniques used in the production of titanium matrix 
composite which includes hot pressing, hot isostatic press-
ing, pressureless sintering, microwave sintering and spark 
plasma sintering. One of the developed sintering methods 
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is spark plasma sintering (SPS) which has recently become 
common in use and has attracted significant attention for 
powder metallurgy due to certain characteristics of its heat-
ing mechanism [15] when compared with conventional 
sintering methods. The application of Joule heating, where 
direct current is passed through the raw powder and graphite 
die which produces spark discharge between the conductive 
particles strongly heat up and complete densification in a 
short period with a temperature lower the melting point of 
the raw powders. Also, in respect to rapid densification, SPS 
promotes the development of necking between particles and 
thus efficiently increases the sinterability of the particles 
with a higher density and limited grain growth [16, 17].
The interesting properties of SiAlON materials have 
made these materials useful for different superior applica-
tions [18]. The objective of this research was to produce 
spark plasma sintered Ti6Al4V alloy matrix with a varied 
amount of SiAlON ceramic ranging from 5 to 20 vol% and to 
investigate their influences on the densification mechanism, 
microstructural, phase transformation, density, hardness and 
fractography of the sintered composites.
2  Experimental Procedure
2.1  Materials Preparation
Ti6Al4V powder (APS 25 µm: Purity 99.9%) supplied by 
TLS-Technik, Germany and SiAlON powder (APS 45 µm: 
Purity 97%) supplied by Weartech Pty were used as the start-
ing materials. Ti6Al4V and SiAlON powders were prepared, 
weighed and blended in a T2F turbula mixer for 6 h in a dry 
medium, at a speed of 72 rpm. The admixture powders were 
loaded in a 250 ml cylindrical plastic vessel filled up to 10% 
level, and further placed in the mixing chamber and sub-
jected to translational and rotational motions. The admixed 
powder was placed inside graphite die mould and pressed 
in an SPS machine type HHPD–25 (FCT Systeme GmbH, 
Germany). Sintering was carried out at the temperature of 
1000–1100 °C for 10 and 30 min holding time, compaction 
pressure of 35 MPa and heating rate of 200 °C/min. Dur-
ing the sintering process, the temperature was monitored by 
an optical pyrometer focused on the surface of the graphite 
die. Four compositions of the composites were produced 
containing: Ti6Al4V alloy, 5, 10, 15 and 20 vol% SiAlON 
additions. The samples for tests carried out are densification, 
microstructural, hardness, phase analysis and fractography. 
The sintered densities were determined by the Archimedes 
principle. Density was determined by measuring the differ-
ence between the weight of the samples in air and then when 
it was suspended in distilled water. The relative density was 
calculated with reference to the theoretical density of the 
starting powders constituents using the rule of mixtures.
2.2  Microstructural and Phase Characterization 
of Sintered Composite
The microstructural analysis of the produced composites 
was characterized by optical microscopy, scanning electron 
microscopy and X-ray diffraction techniques. The sintered 
composites were prepared for metallography using grinding 
and polishing methods. The polished surfaces of the samples 
were etched by swab specimen up to 20 s using a solution 
containing 2 ml HCl, 6 ml Nitric acid and 92 ml distilled 
water, after which microstructural analysis was performed 
on the sintered composites. The ZEISS Axio observer opti-
cal microscope was used and complemented with TESCAN 
VEGA3 scanning electron microscopy equipped with energy 
dispersive spectroscopy (EDS). XRD analysis was done 
using a PANalytical Empyrean diffractometer (PW1710), 
with monochromatic Cu target Kα radiation at 40 kV and 
40 mA. While the constituent phases of the sintered titanium 
composites were known using Highscore X’Pert Software.
2.3  Hardness and Fractography Analysis 
of the Composite
The hardness test was done for the produced composites by 
using a Vickers microhardness tester (FALCON 500 series) 
at room temperature on a polished parallel surface at a load 
of 100 gf (0.98 N) and dwell time of 15 s. The hardness 
indentation was repeated for a minimum of five times and 
an average hardness value was determined. While the frac-
ture surfaces of the sintered titanium-based composite were 
observed using SEM to check the morphology pattern.
3  Results and Discussion
3.1  Effect of Sintering Parameters on Densification 
Mechanism
Figure 1a–c shows the effect of sintering temperature and 
displacement as a function of time for the sintered titanium-
based composites. During the first 7 min period of the ini-
tial process at a temperature of 250 °C was kept and sub-
sequently increased the sintering temperature to 1000 and 
1100 °C individually and upheld for 10–30 min. Figure 1b at 
preliminary stage display an increase in displacement from 
0.0 to 0.5 mm because of the effect of exerted pressure of 
35 MPa even though the early temperature was too low to 
influence the material. The increase in temperature resulted 
in displacement and rearrangement of the powder particles 
as they compact together with the effect of pressure which 
becomes stronger and causes the escape of trapped air and 
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gas from the compact. The sintering processes goes together 
with neck growth due to the collective effects of evaporation 
and condensation which rises sintering temperature [19]. 
Increase in displacement indicates there was a transforma-
tion in the physical state and structure of the powders.
The mechanism of densification was explained utilizing 
the occurrences of shrinkage rate during SPS of the sin-
tered composites. Figure 1c shows the shrinkage rate during 
spark plasma sintering of the total sintering time processes. 
A comparable trend of the sintering rate was displayed 
regardless of the sintering conditions which was categorized 
into three distinct shrinkage peaks. Stage 1 of the shrinkage 
rate is considered to have been involved with early rear-
rangement of mixed particle powders which is due to the 
relative motion of the various powders, gas removal and 
formation of spark existence between the titanium-based 
matrix and SiAlON particles because of applied pressure 
and drive occurring from the lower and upper punches [20]. 
Ghasali et al. [21] claimed that strengthening metal matrix 
with ceramic particles which are harder might cause an issue 
of gas removal during sintering and simply deform. Stage 
2 of the shrinkage rate arose from 600 to 900 s is related to 
the effect of Joule heating of the localized plastic distor-
tion at the interface of the particles. This stage during spark 
plasma sintering experiences powder surface-initiated from 
the titanium alloy and SiAlON particles because of high-
pulse releases plasma made at powder contacts. Thus, an 
increase in temperature causes bonding taking place between 
the powder particles because of impacts at powder surfaces 
resulting in melting, arrangement and growth of the sin-
tering necks at contact zone and movement of plastic flow 
[22]. At this stage, densification is developed and continue 
further through plastic distortion because of exerted pressure 
on them. Stage 3 signifies a greater deforming zone which 
Fig. 1  Sintering parameters during SPS process against time: a sintering temperature, b relative displacement and c shrinkage rate
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started after 1260 and 2400 s because of the holding time of 
10 and 30 min respectively up until the sintering operation 
ends which was marks decrease in shrinkage rate. Due to the 
reduction in temperature and process of cooling of the spark 
plasma sintering compartment back to room temperature 
makes densification passage form accomplished [23, 24].
3.2  Effects of Spark Plasma Sintering on Relative 
Density
Figure 2 shows the effect of sintering temperature and time 
on the densification behavior of the sintered materials. 
Ti6Al4V with the addition of SiAlON ceramics sintered 
at 1000–1100 °C and 10–30 min holding time respectively 
which resulted in high densities of the sintered titanium-
based composites ranging from 95 to 99%. It was noted that 
the relative density of the sintered composite decreased as 
the SiAlON content was increased from 5 to 20 vol%, as 
shown in Table 1. However, the decrease in relative density 
demonstrates that the composites contained a few porosi-
ties as the volume fraction of SiAlON particles increases. 
Thus, increasing the sintering temperature and holding time 
increased the relative density of the sintered composite rang-
ing from 0.53 to 1.17% differences. This might be attributed 
to the positive effect of created plasma on the mobility and 
diffusion of atoms by vapouring and melting of powder par-
ticle surface during spark plasma sintering process [25]. This 
might also be identified with the initiation of grain develop-
ment and the arrangement of structures with pores situated 
on the inside.
3.3  Microstructural and Phase Analysis 
of the Sintered Titanium‑Based Composite
Figure 3a-b shows the optical micrograph of Ti6Al4V alloy 
which consists of two phases: lamellar alpha appears in 
the form of plates with light grey while beta phases were 
observed between alpha platelets with dark grey plates. This 
structure was in agreement with other reported structures 
where alpha phase has the highest volume fraction and 
the beta phase has a little volume fraction [26, 27]. Fig-
ures 3c–h and 4a–h shows typical microstructures of the 
SPS sintered composites with different content of ceramic 
reinforcing phase. The changes observed in the microstruc-
ture of sintered titanium matrix composites were associated 
with the sintering time and temperature. In all composites, 
the presence of pores was detected at the grain boundaries 
of sintered composites. The titanium matrix composite 
showed that the SiAlON particles were well dispersed in 
the matrix. Also, the increase in time and temperature of 
sintering revealed different sizes and morphologies of the 
microstructure. Falodun et al. [28] stated that advancement 
of titanium-based composite by adding particulates is antici-
pated to improve the grains, which are the direct result of the 
pinning effect on grain boundaries.Fig. 2  Relative density of the SiAlON ceramic spark plasma sintered 
at different temperature and holding times
Table 1  The composition and sintering conditions, relative density, hardness values for spark sintered samples
Materials Sintering conditions Heating rate Sintering pressure Relative density Hardness
Temp (°C) Time (min) (°C/min) (MPa) (%) (HV0.1)
Ti6Al4V 1000 10 200 35 99.54 363
1100 30 99.61 396
Ti6Al4V + 5% SiAlON 1000 10 200 35 98.15 469
1100 30 99.61 448
Ti6Al4V + 10% SiAlON 1000 10 200 35 97.50 497
1100 30 98.06 453
Ti6Al4V + 15% SiAlON 1000 10 200 35 96.83 535
1100 30 97.41 472
Ti6Al4V + 20% SiAlON 1000 10 200 35 95.71 574
1100 30 96.88 561
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Fig. 3  Optical microstructure 
of sintered composites with 
different vol% SiAlON: left side 
represent the SPS parameters of 
1000 °C/10 min, and the right 
hand represent 1100 °C/10 min 
holding time: a, b Ti6Al4V 
alloy; c, d 5%; e, f 10%; g, h 
15% and i, j 20%
e f
10 μm 10 μm
g h
10 μm 10 μm
i j




10 μm 10 μm
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Fig. 4  SEM microstructure of 
sintered composites with dif-
ferent vol% SiAlON: left side 
represent the SPS parameters of 
1000 °C/10 min, and the right 
hand represent 1100 °C/10 min 
holding time: a, b 5%; c, d 10%; 
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The addition of SiAlON particle (20 vol%) in the matrix 
resulted in titanium matrix composite interfaces and further 
causes creation of some void sites which might be due to the 
weak bonding between Ti6Al4V alloy and SiAlON particle 
been observed in the Fig. 4. According to Koli et al. [29] 
and Sivakumar et al. [30] addition of more volume fraction 
of ceramic particle could lead to increase in porosity which 
might deteriorate the strength of the material because pores 
can nucleate at ceramic particle sites which further create an 
increase in contact surfaces which higher level of porosity. 
These porosities and formation of reaction region will bring 
inferior bonding interface between the matrix and reinforce-
ment phases. Figure 4i shows the EDS spectrum, which is at 
the grain boundaries of the sintered titanium matrix compos-
ites, thus resulting in particulates reacting with the matrix.
The  X- ray  d i f f rac tog ram of  conso l ida ted 
Ti6Al4V–SiAlON compacts at sintering temperature of 
1000–1100 °C and the results of phase analysis are illus-
trated in Fig. 5. The  SiO2 which is noticed by XRD analy-
sis as shown in all the sintered material and is thought to 
be formed due to the chemical reaction between Ti6Al4V 
with SiAlON. The patterns show distinct peak broaden-
ing and hereafter particle size and phases. It is observed 
that the height of the Ti peaks tends to decrease with 
increases in other forms of phases peak. The decrease in 
peaks height shows basic dislocation density as a result of 
imperfections that occurred owing to grain refinement of 
ceramic particles with titanium alloy.
Fig. 5  X-ray diffraction pattern of a Ti6Al4V sintered at different temperatures, b sintered composite with 5–20 vol% SiAlON at 1000 °C and c 
5–20 vol% SiAlON at 1100 °C
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3.4  Effect of Sintering Parameters 
on Microhardness Values of Sintered 
Composites
The influence of sintering temperature and holding time on 
the microhardness of the sintered composites as presented 
in Fig. 6 and Table 1. Hardness was increased with respect 
to the sintering temperature and holding time with an 
increase in the varying volume fraction of reinforcement. 
The improve in hardness might be attributed to the pres-
ence of hard phases like  Si3N4, TiN and  SiO2 within the 
matrix which makes obstruction for dislocation movement 
of the composite materials. However, phases formed might 
be due to an increase in sintering temperature and thus create 
an enhancement of thermal diffusion and further restrained 
dislocation movement. The increase in microhardness meas-
urement display that the addition of 5–20 vol% SiAlON 
increases the hardness of the titanium matrix composite 
from 448 to 574 HV0.1. The increase in microhardness can 
be described by the high hardness characteristics of the addi-
tional additives [31].
3.5  Fractography of the Sintered Titanium‑Based 
Composite
Fracture surface SEM micrographs of the sintered titanium-
based composite at different temperature and holding time are 
as shown in Figs. 7 and 8. The fracture morphology displays 
well-developed assistance among the particles as well as the 
changes in the fracture surfaces might be suggested due to 
Fig. 6  Microhardness of Ti6Al4V alloy and Ti6Al4V with SiAlON 
composites
Fig. 7  SEM micrographs of 
fracture surfaces of sintered 
titanium matrix composites with 
SiAlON at 1000 °C/10 min a 
5%, b 10%, c 15%, and d 20%
50 µm 50 µm
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the increases in sintering temperature and holding time. Fig-
ures 7a–d and 8a–d show morphology of both intergranular 
and transgranular fracture with dimples features which could 
be attributed to the formation of different phases present in the 
titanium matrix composites. An intergranular crack features 
happen when the limits between the grains and the weakest 
districts in the material such as AlN and TiN. While trans-
granular cracks pass through from one grain to another grain 
as a result of diverse lattice direction in each grain. Neverthe-
less, with an increase in the volume fraction of SiAlON in the 
titanium matrix composite, dimples on the fracture surfaces 
were reduced with only dim traces left. This suggests that the 
fracture modes were a combination of ductile and brittle fea-
tures. As can be seen from Figs. 7 and 8, the fracture modes 
do not cut across the reinforcement phase throughout the entire 
structure. Figures 7 and 8 shows a quasi-cleavage which is a 
brittle cleavage together with a ductile dimples [32].
4  Conclusion
The influence of the addition of SiAlON to reinforced 
titanium alloy composites fabricated by spark plasma 
sintering and the effect on densification mechanism, 
microstructural evolution, hardness and fractography was 
investigated. However, the following conclusions were 
drawn from the discussions;
1. A uniform distribution of SiAlON particles in the tita-
nium matrix was revealed.
2. The addition of SiAlON reinforcements to the titanium 
matrix significantly increases the microhardness, while 
the density slightly decreases upon addition of the 
ceramic.
3. The effect of sintering temperature and time made 
known with changes in the microstructure and forma-
tion with the growth of new phases in the titanium-based 
composites. Also, the increasing in time and temperature 
of sintering revealed different sizes and morphologies of 
the microstructure.
4. The fracture morphology of the sintered TMCs showed 
both intergranular and transgranular transformation 
within the matrix with fine dimples features. Also, the 
fractography behavior additional changed from multiple 
arrangements to a predominantly transgranular one.
Fig. 8  SEM micrographs of 
fracture surfaces of sintered 
titanium matrix composites with 
SiAlON at 1100 °C/30 min a 
5%, b 10%, c 15%, and d 20%
(b)(a)
(c) (d)
50 µm 50 µm
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